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The magnetic field driven superconductor/insulator transition is studied in a large variety of
La2−xSrxCuO4 thin films of various Sr dopings. Temperature dependence of the resistivity down to
4.2 or 1.5 K under high pulsed magnetic field (up to 57 T) is analyzed. In particular, the existence
of plateaus in the resistance versus temperature curves, in a limited range of temperature, for given
values of the magnetic field is carefully investigated. It is shown to be associated to scaling behaviour
of the resistance versus magnetic field curves, evocative of the presence of a quantum critical point.
A three-dimensional (H,x,T) phase diagram is proposed, taking into account the intrinsic lamellar
nature of the materials by the existence of a temperature crossover from quantum-two-dimensional
to three-dimensional behavior.
INTRODUCTION
Theory predicts that the resistance of a two-
dimensional (2D) electron gas at zero temperature should
be either zero or infinite [1]. Due to the fact that a small
amount of disorder is able to localize all the fermions
states, the only possibility is an insulator, unless non-
zero pairing interactions are present and yield supercon-
ductivity. It has therefore been proposed that a disor-
dered 2D electron system could undergo a quantum su-
perconductor/insulator transition (QSIT) driven either
by disorder or by magnetic field [2, 3]. The mechanism
for this transition is that the vortex/antivortex pairs that
are non mobile below a certain disorder threshold, may
transform into a Bose condensate of free vortices above
this threshold, while the Cooper pairs localize, leading to
the formation of a Bose insulator. When the transition
is driven by a magnetic field, instead, the system goes
from a vortex glass state to a Bose insulator. Conse-
quently, there should be only one value of the magnetic
field H = HC or of disorder δ = δC at which the system
at zero temperature is metallic. This corresponds to the
observation of a plateau in the resistance versus tempera-
ture curve for HC or δC . The corresponding value of the
resistance per square RC at the plateau was originally
predicted to be equal to h/4e2 (in the case of a self-dual
model)[2, 3]. However, more recent theoretical work tak-
ing into account a two-fluid model show that a resistive
phase may interpolate between the superconducting and
insulating phases [4] and make the resistance at the tran-
sition deviate from this universal value.
Evidence has been found of such a quantum transition
in granular films of In/InOx by varying the composition
[5] or the magnetic field [6], but also in homogeneous ul-
trathin films of Bi and Pb [7] by varying the layer thick-
ness (which is considered equivalent as varying the disor-
der), and more recently in MoGe [8, 9]and NbSi [10]. In
most of the experiments, the films were seen to undergo
a transition towards insulating state for a resistance per
square only of the order of (and not exactly) h/4e2.
Since high-TC cuprate superconductors are known to
be intrinsically lamellar, it has been proposed [11] that a
similar quantum transition is at play also in such systems
where the system undergoes a field-tuned superconductor
to insulator transition at low temperature. The disorder-
tuned transition had been studied in these systems by
Wang and coworkers [12].
Recently Bollinger and coworkers [13] have reported
superconducting/insulator transition driven by an elec-
trical field in an extremely thin layer (one or two unit
cells) of optimally doped La2−xSrxCuO4. In this case
the transition is observed for a carrier concentration of
p=0.06. The number of carriers is varied through ap-
plication of a gate voltage and data of resistance ver-
sus temperature is collected for different gate voltages.
Another group has reported similar measurements on
YBa2Cu3Oxthin films for a carrier concentration esti-
mated to be around x = 0.05 [14].
2We will investigate here the behavior of resistance ver-
sus temperature of typically 100nm-thick La2−xSrxCuO4
thin films of different Sr concentrations while varying
the magnetic field and the temperature. In particular,
we will carefully inspect the possibility of existence of a
quantum superconducting-insulator transition (QSIT) in
those systems.
EXPERIMENTS
The as-grown La2−xSrxCuO4 films were prepared by
DC magnetron sputtering from stoechiometric targets ei-
ther at KU Leuven[15] or by pulsed laser deposition at
ITT Kanpur (see the elaboration conditions in [16]). The
critical temperatures were determined as the transition
mid-point temperatures obtained by measuring the resis-
tance under zero magnetic field.
Part of the transport measurements were carried out
at the KU Leuven high field facility and the other part at
the Toulouse LNCMI high field facility. Pulsed high-field
measurements up to 49-57 T were performed from 4.2 K
to 300 K on nine La2−xSrxCuO4thin films with differ-
ent Sr concentration x. The c-axis orientated films were
mounted in general with µ0H//c (perpendicular field),
and the current (of typically mA and 50 kHz) was along
the ab-plane (I//ab). Among the different samples, some
were measured down to 1.5 K and up to 58 T and one
was measured both in parallel and perpendicular mag-
netic field.
High-field resistivity as a function of temperature
At maximal field (between 49 T and 57 T according to
the different experiments), the resistance of the under-
doped samples versus temperature varies approximately
as Ln(1/T ) as was reported previously [17, 18], which is
consistent in particular with weak localization of vortices
as proposed by Das and Doniach [19, 20]. It is noteworthy
that for the underdoped samples that are not supercon-
ducting at zero magnetic field (i.e. x < 0.06), the resis-
tance versus temperature at zero magnetic field exhibits a
Shklovskii-Efros localization law (ρ = ρ0exp((T/T0)
1/2)
instead of a Ln(1/T ), which seems to indicate that the
nature of the insulating state obtained from a supercon-
ductor under 50 T may be different from the nature of
the insulating state at low doping levels. (See the data
in Weckuysen et al. [21] ). It may more likely be an
indication that ρ = ρ0Ln(1/T ), whatever its physical
origin, probably related to granular metallicity, is the
strongest insulating behavior allowing superconductivity
to develop [27]. This is strongly supported by measure-
ments in inhomogeneous conventional superconductors,
where such a logarithmic behavior is observed up to 300K
in NbN cermets when superconductivity develops at low
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FIG. 1: (Color on line.) Resistance versus perpendicular mag-
netic field data for an overdoped La2−xSrxCuO4 thin film
corresponding to x = 0.25 and TC=18.2 K. The absence of
crossing between the R(H) curves taken at different temper-
atures means that there is no plateau in the R(T) curves.
temperature and strong-localization conductivity is ob-
served whenever the samples are not superconducting
[22, 23].
Behaviour of overdoped samples (x > 0.2)
On overdoped samples (x > 0.2) the R(H) curves mea-
sured in perpendicular magnetic field show no crossing
point since no upturn of the resistance versus tempera-
ture is present at low temperatures for fields as high as
50 T. For this range of doping levels the system is metal-
lic even down to low temperature, rather than insulating.
(See for example the resistance versus magnetic field data
in Figure 1 where no crossing point is present at all.) We
shall now focus on the underdoped and optimally doped
samples.
Underdoped samples and optimally doped samples
x ≤ 0.19
In previous work from Ando and coworkers [17], a neg-
ative magnetoresistance is shown at high magnetic field.
This was argued to plead in favor of the presence of a
Bose insulator by [11]. The maximum of the resistance
versus field was hypothesized to be H2C and the nega-
tive magnetoresistance was attributed to localized-pair
breaking. We did not observed such behaviour here in
samples with similar Sr concentrations and in the same
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FIG. 2: Resistance per square of CuO2 layer versus tempera-
ture for five representative samples. Solid lines H=0T; circles
and lines: H=HC (the values of HC are indicated in the leg-
end); squares and dashed lines: square resistance at maximal
field, as indicated in the legend. The plateaus are highlighted
with dashed thick lines. The thin grey dotted line denotes the
position of the resistance quantum h/4e2.
field range. Although the measured voltage did exhibit
such a negative slope, when calculating the resistance by
dividing by the effective current through the sample that
was measured during the pulse, the negative MR was not
present.
By contrast to the overdoped case, on every under-
doped and optimally doped sample, a fixed crossing point
in the R(H) data was observed within a finite range of
temperatures for H = HC(x). (This crossing point was
seen in a range of temperature where the data in ref [17]
are not shown.) This leads to a plateau in the R versus
T curves when the magnetic field is equal to HC .
In Figure 2 are displayed the resistances per square
of CuO2 plane versus temperature for a selected set of
five representative samples with x ranging from 0.06 to
0.19, for the field values H = HC (circles and lines) and
H = 0 T (solid lines). The resistance at maximal field is
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FIG. 3: (Color on line.) Critical temperature TC (red dots,
right scale) and square resistance RC (blue squares, left scale)
at the plateau as a function of the Sr content.
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FIG. 4: (Color on line.) Critical temperature TC (red dots,
left scale) and critical fieldHC for which a plateau in the R(T)
curve is observed (blue squares, right scale), as a function of
the Sr content x. Note that for x ≤ 0.1, the scales for HC and
TC are the same (1T ≈ 1K). The variation of HC displays
an abrupt change at about x = 0.125, pointing toward differ-
ent origins for the plateaux below and above x = 0.125. The
down and up pink triangles (and dotted pink line) denote the
respective lower and upper temperature limits for the obser-
vation of the plateaus, defined for a spread in the resistance
values of less than 1%. The error bars on the triangles corre-
spond to the typical temperature spacing. The open squares
(as opposed to filled squares) indicate a different origin for
the plateaus for x ≥ 0.125 since no scaling is associated (see
text).
4also shown (squares and dashed lines). The resistance at
the plateau is depicted in Figure 3 as a function of the
Sr content and varies monotonically. (However the two
samples LSCO0.009a and LSCO0.009b of different origins
show some small discrepancies, probably due to different
level of disorder.)
Figure 4 summarizes the values of TC taken at the tran-
sition inflexion point (reds dots), HC (blue squares) and
the temperature range of observation of the plateaus for
different LSCO thin films as a function of the Sr content
x. The temperature range of observation of the plateau,
denoted by up and down pink triangles for x ≤ 0.100
and by a pink dotted line for x≥ 0.125, corresponds to a
spread in the resistance values of less than 1%. The error
bars on the triangles correspond to the typical tempera-
ture spacing between different measurements.
As may be seen from both Figures 2 and 4, there is
a great discrepancy between the data for x < 0.125 and
x ≥ 0.125. HC increases with doping and follows the
variation of TC for x ≤ 0.100, then decreases abruptly at
x = 0.125 and then starts increasing again. As a matter
of fact, HC is found to scale with TC for x ≤ 0.100 with
1K=1T. Although for all x ≤ 0.100 the plateau develops
at temperatures well below the superconductivity onset
temperature at zero field, on the contrary for x ≃ 0.125
it is only present at temperatures above the foot of the
transition at H=0T. Besides, for x ≤ 0.100 the resistance
at the plateau is higher than the minimum of the full field
resistivity curve and for x ≥ 0.125 it is slightly lower.
Moreover, for samples with x≥ 0.125, our attempt to
obtain scaling of the data around the apparent crossing
point - as will be described in the following paragraph,
revealed to be unsuccessful.
These four observations point towards different expla-
nations for the existence of the plateaus for x lower or
greater than 1/8. For the following, we will focus on the
plateau observable for x ≤ 0.1.
Scaling analysis of the resistance for x < 0.125
Figure 5 shows typical R(H) data curves for one of the
samples whose Sr content is x=0.09 (LSCO0.09a); a fixed
point is observed for temperatures between 9 K and 26 K
for RC = 6.6kΩ, Hf = 17 T . This value of resistance is
remarquably close to the resistance per square valid for
a self dual transition R = h/4e2, although the temper-
ature plateau is expected in this case to extend to zero
temperature.
The resistance per square of CuO plane versus temper-
ature values are plotted in Fig. 6 for sample LSCO0.09a.
A plateau is clearly visible for H=17 T, which corre-
sponds to a resistivity of about h/4e2. The departure
from the plateau at low temperature is also visible. This
figure is typical of what was observed in all the samples
with x ranging from 0.06 to 0.1. However,we believe that
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FIG. 5: Color on line. R(H) data for sample LSCO0.09a(x =
0.09) for temperatures between 9K (lower curve at low
fields)and 26 K (upper curve at low fields). Note the posi-
tion of the resistivity quantum h/4e2 (grey dotted line).
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FIG. 6: (Color on line). R(T) data for different magnetic field
values, ranging from 0 T to 47 T by steps of 1 T for sample
LSCO0.09a (x = 0.09) (same as Fig. 5). The brown line,
showing a plateau from about 9 K to about 28 K (marked in
black), corresponds to 17 T. The resistance per square at the
plateau is about h/4e2.
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TABLE I: Summary of the scaling properties.
Sample Sr TC HC RC νz
name content K T Ohms
LSCO0.06 0.06 3 1.6 10638 -
LSCO0.08 0.08 15 18.7 6408 0.54 ±0.1
LSCO0.09a 0.09 19 16.8 6509 0.46 ± 0.1
LSCO0.09b 0.09 21 19 5811 0.43 ± 0.1
LSCO0.10 0.10 21 21.5 4445 0.63 ± 0.1
the fact that the square resistance is in this case almost
equal to h/4e2 at the plateau is rather fortuitous since
RC is found to vary with doping, as may be seen in Ta-
ble 1 or in Fig. 2.
Scaling analysis was performed at the vicinity of the
fixed point. Figure 7 shows the scaling of the same curves
for sample LSCO0.009a, as R/RC = f(|H −HC |T
−1/νz)
with νz = 0.46 ± 0.1. The scaling exponent νz - sum-
marized in Table 1- is found to vary from 0.43±0.1 to
0.63± 0.1 for the four different samples on which scaling
was possible. It is therefore possible to infer the values of
ν, assuming z=1. These values are lower than the expo-
nent predicted for a (2D+1) quantum xy model (νz=2/3)
and found in amorphous Bi ([24]), or NbSi compounds
[10]. They are much lower than the exponent predicted
in the framework of a dirty boson picture (ν > 1), or
for classical percolation (ν = 1.3) and than the expo-
nent observed for the electrical field driven transition [13]
(νz = 3/2).
For comparison we also attempted to scale the R(H)
curves for the compounds with x ≥ 0.125, which revealed
unsuccessful.
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 30.33K,34.74K,54.85K,99.64K
FIG. 8: R(H) data for all temperatures in parallel magnetic
fields for sample LSCO0.09a (x = 0.09). The absence of a
crossing point in the range of measurements is an indication
that the mechanism for the transition is quite different from
in the perpendicular field experiment.
Further experiments
Although one important criterium for the observation
of a magnetically driven QSIT is the observation of a
plateau in the resistance versus temperature data in per-
pendicular magnetic field, on the contrary when the mag-
netic field is applied along the plane of the layer then the
transition should be classically driven and no crossing
point should be observed. As a further test, we mea-
sured sample LSCO0.09a (x = 0.09) again with the mag-
netic field applied along the planes, and by contrast to the
perpendicular case, the R(H) curves do no longer show
a crossing point in our range of measurement as can be
seen in Figure 8. The transition is governed by a different
mechanism in this case. In the perpendicular case, the
transition is controlled by the binding and debinding of
vortices (or vortices dislocations). However, in the paral-
lel case, since vortices can not form, the transition point
is reached only for a much higher (not attainable) value
of the magnetic field, corresponding to the breaking of
the Cooper pairs.
In order to better explore the low temperature be-
haviour, and in particular to find out whether the sam-
ple is superconducting or resistive at low temperature,
we measured a similar sample with the same Sr concen-
tration (sample LSCO0.09b x = 0.09) of a different ori-
gin and in a different high field facility (LNCMI) from
room temperature down to 1.5 K. This sample proba-
bly has a slightly different Sr content from LSCO009a,
or is more disordered, which may explain the small dif-
ferences in the resistance per square, and in the critical
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FIG. 9: (Color on line). R(T) data for sample LSCO0.09b
(x=0.09) for different magnetic field values, ranging from 0 T
to 56 T by steps of 1 T. The dark grey curve, exhibiting a
plateau (marked in black) from less than 15 K up to about
30 K, corresponds to HC=19 T. The zero temperature SIT
occurs for (H≈ 37T, R ≈ 11kΩ). See the blue curve desig-
nated by the arrow. The resistance corresponding to 29 T
is denoted by red circles and the resistance at 56 T is de-
noted by red crosses. Note that the resistance for magnetic
field higher than 29 T was only measured for a reduced set of
temperatures.
temperature. The plateau was retrieved for about 19 T
and the corresponding square resistance is found to be
around 5.8 kΩ. The measurements carried out down to
1.5 K at HC ≃19 T show that the system is indeed su-
perconducting at T≤ 2 K (See figure 9). These mea-
surements also seem to indicate that the actual insula-
tor/superconductor transition at T=0 would be obtained
for H ≃ 37 T (about 2HC) and R ≃ 11000 Ω (about
2RC).
DISCUSSION
In most of the data reported on QSIT in the liter-
ature, the resistance plateau is observed down to the
lowest temperatures, presumably existing at zero tem-
perature. This observation constitutes a signature of the
existence of a metallic state for a single value of the tun-
ing parameter. However, Mason and coworkers [25] have
shown experimentally that a capacitively-coupled dissi-
pative environment helps promote superconductivity at
low temperature. Also, Das and Doniach have inspected
the possibility that pairs of vortices may first debind and
then Bose-condense, which raises the possibility of the
existence of a Bose metal between the superfluid and the
Bose insulator, even at T = 0 [19, 20]. Such possibility of
an intermediate metallic state has also been investigated
by Galistki and coworkers [4] using a two-fluid model.
We adopt here a different point of view, which takes
into account the fact that our samples are not intrinsi-
cally 2D but rather lamellar and we investigate the con-
sequences of a 2D-3D crossover.
For this we suggest a three-dimensional (H,x,T) phase
diagram displayed on Fig 10, that allows to picture the
data presented in this paper as well as the data presented
by Bollinger and coworkers [13]. In this phase diagram,
our measurements at a given T and x and as a function
of H are represented by a line parallel to the H axis,
whereas the measurements from Ref. [13] would be rep-
resented by a line parallel to the x axis in the H=0 plane.
Bollinger et al. claim that a QCP is present at x = 0.06,
for H=0 T and T=0 K. They observe scaling laws around
x= 0.06 with νz = 3/2, when varying the number of car-
riers through varying the electrical field through the gate.
An important difference with respect to our findings is
that they observe the transition in a single layer. As
a matter of facts, our sample with x ≃ 0.06 does also
present a plateau down to 2 K and for a rather low mag-
netic field (HC = 1 T ). One has to bear in mind that our
measurements are done at H 6= 0 and that there is no
such symmetry in magnetic field as in the electrical-field-
driven case between x < 0.06 and x > 0.06, inasmuch as
there is no way to go from insulating to superconduct-
ing by varying the magnetic field. Because of this, the
”negative H2” part of the phase diagram in figure 10 is
unattainable. (Both H> 0 and H< 0 produce the same
effect.)
Therefore in our experiment the range of investigation
of the 3D phase diagram is extremely reduced around
(H=0,x=0.06,T=0), whereas in the electrically driven
data, the transition can be fully explored.
Our observations suggest one possible interpretation,
related to the fact that, in contradiction to the system
studied by Bollinger and coworkers, our systems are in-
trinsically lamellar. When the coherence length is smaller
than the interlayer spacing (between the CuO2 planes)
then the system can behave like a two-dimensional sys-
tem in the Lawrence-Doniach sense [26], but in a quan-
tum way. It may then be governed by a 2D quantum crit-
ical point. However, when the temperature is decreased,
at some point, the coherence length gets larger than the
interlayer spacing, the system recovers classical 3D be-
haviour and the 2D QCP becomes irrelevant. Then the
effective ”classical” 3D transition takes place at much
higher field (about 2HC) and much higher square resis-
tance (about 2RC for sample LSCO0.09b).
Then the phase diagram would be similar to what is
represented in figure 10. The pink-shaded dome repre-
7sents the 2D phase transition. Its intersection with the
(T=0) plane is precisely the curve HC(x), which is a line
of QCP. For each point of the HC(x) line at T = 0, a cone
of quantum critical fluctuations may be drawn. One of
them is represented in brown in figure 10 for an arbitrary
value of (HC(x), x). Is also represented another arbitrary
blue dome which mimics the variation of the temperature
T crossover
2D−3D below which ξc ≥ d. The inside of this dome
therefore corresponds to the 3D regime and is governed
by another physics.
While cooling down the multilayer system exactly at
(HC(x),x), the representative point of the state of the
system moves down along a vertical line inside a cone
whose apex corresponds to (HC(x), x, TC = 0) and the
resistance versus T exhibits a plateau. Therefore the sys-
tem behaves like a 2D quantum critical material as long
as the c-axis coherence length is smaller than the inter-
layer spacing. Whenever this remains true, the plateau is
visible, but when approaching T=0, ξC diverges and the
representative point crosses the temperature below which
ξc ≥ d (blue dome), then the system suddenly becomes
3D and the 2D-transition does not occur. Instead the
system becomes superconducting with a finite 3D tran-
sition temperature. A test of this scenario would be to
measure a single layer at different HC and xC values. In
this case, the plateau should extend to the lowest mea-
surable temperature. This would also allow to compare
the critical exponents which seem to contrast when vary-
ing the electrical field (νz = 3/2) or varying the magnetic
field (νz ∼ 0.5− 0.6).
The variation of the critical square resistance at the
plateau with doping (and therefore the non-universal
value of the resistance) may also be related to this lamel-
lar nature. If this universal value is related to self-duality
as suggested by [2, 3], the ”symmetrical character” be-
tween the localization of vortices and of pairs may also
be broken in a layered system since coupling from one
layer to the other for pairs of electrons or for vortices is
expected to be of different nature. Alternately, calcula-
tions in Ref [4] suggest that for more disordered systems,
the transition will occur at higher resistance, which is
consistent with our observations.
CONCLUSION
We have investigated the magnetic field driven su-
perconductor/insulator transition in eleven samples of
LSCO thin films with various Sr content x, under high
pulsed magnetic field. Our results indicate the pres-
ence of a plateau in the resistance versus temperature
curves for every underdoped superconducting sample
with 0.06 ≤ x < 0.1, associated with scaling behavior
with critical exponent νz ≃ 0.5− 0.6 by contrast to elec-
tric field driven transition (νz = 3/2) [13]. The critical
field corresponding to the plateau is found to scale with
10
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FIG. 10: (Color on line). Schematics of the 3D phase dia-
gram in the (H,x,T) space. The lower dome represents the
2D critical temperature. The brown cone represents the do-
main of 2D critical fluctuations corresponding to a given value
of (HC , xC), where the plateau is visible. The second (upper)
dome corresponds to the crossover temperature Tcrossover2D−3D be-
low which ξC >d. (See text).
the critical superconducting temperature with 1T ≃ 1K.
However, these plateaus develop only in a limited range of
temperatures, which may be reconciled with results from
another group obtained on monolayers [13], by taking
into account the lamellar nature of our thin films. These
results therefore point towards the existence of a 2D-
quantum/3D crossover for the superconductor/insulator
transition.
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